[1] El Niño Southern Oscillation (ENSO) has significant impacts on streamflows around the world. While many studies have assessed correlations, an assessment of the magnitude of this impact is lacking, and little is known of ENSO's impact on extreme discharges. We use a daily discharge dataset to provide a global assessment of the sensitivity of annual mean and flood discharges to ENSO, and a gridded climate dataset to assess the global impact of ENSO on precipitation and temperature. We find that, on average, for the stations studied ENSO has a greater impact on annual high-flow events than on mean annual discharge, especially in the extra-tropics. The quantification of ENSO impacts provides relevant information for watermanagement, allowing the identification of problem areas and providing a basis for risk assessments. Citation: Ward, P. J., W. Beets, L. M. Bouwer, J. C. J. H. Aerts, and H. Renssen (2010), Sensitivity of river discharge to ENSO, Geophys. Res. Lett.,
Introduction
[2] The relationship of the El Niño Southern Oscillation (ENSO) to global climate patterns is of interest to scientists and policy-makers due to its effects on natural and societal systems [Schmidt et al., 2001] . ENSO results from interactions between large scale atmospheric and oceanic circulation. The mainly oceanic component, El Niño (EN), refers to the appearance of anomalously warm water over the eastern equatorial Pacific Ocean. The mainly atmospheric component, the Southern Oscillation, is associated with substantial east-west shifts in the tropical atmospheric circulation between the Indian and West Pacific Oceans and the East Pacific Ocean. Under so-called neutral conditions, the eastern Pacific Ocean surface is relatively cool, and is associated with descending atmospheric motion and high surface pressure, whilst rising air, low surface pressure, and heavy rains prevail over the relatively warm waters of the Indonesian archipelago, the western Pacific, southeast Africa, and the Amazon area (so-called Walker circulation). Other regions with sinking atmospheric motion are the equatorial Atlantic and western Indian Ocean. During EN, warming of surface waters in the central and eastern equatorial Pacific occurs, causing enhanced convection and rainfall in this region, whilst the western Pacific is relatively cool, leading to reduced convection and drier conditions over Indonesia and Australia.
During La Niña (LN), the neutral conditions described above are intensified [Peixoto and Oort, 1992] . ENSO affects temperatures and precipitation in other regions around the globe through climatic teleconnections [Kiladis and Diaz, 1989] .
[3] For water management, interannual variations in hydrology play a key role in planning. Scores of studies have shown that ENSO-driven changes in temperature and precipitation correlate well with mean annual and seasonal river discharge [Dettinger et al., 2000, and references therein] . Dettinger and Diaz [2000] and used global datasets to examine the relationship between ENSO and mean discharge around the world. They found that ENSO variations are correlated with discharge in many parts of the Americas, Australia, and northern Europe, and parts of Africa and Asia. However, most of the natural and societal problems associated with the effects of ENSO on river flow are felt through its effects on extreme events, such as floods and droughts. A few studies at the basin or country scale have assessed the impacts of ENSO on low-flows [e.g., Moss et al., 1994; Piechota and Dracup, 1999; Whetton et al., 1990] , or floods [e.g., Cayan and Webb, 1992; Cayan et al., 1999; Foley et al., 2002; Waylen and Caviedes, 1986; Whetton et al., 1990] , but these only examine a few locations, and a global or regional scale analysis is lacking. Furthermore, to date no sensitivity analysis has been carried out to assess the magnitude of the impact of ENSO fluctuations on river discharge.
[4] In this paper we use a global dataset of daily river discharge observations, and a gridded dataset of monthly precipitation and temperature, to provide the first global assessment of the sensitivity of mean and high-flows of rivers to ENSO-driven interannual climate variability.
Methodology

Data
[5] Daily discharge data were taken from the Global Runoff Database (supplied by The Global Runoff Data Centre (GRDC), http://www.bafg.de/cln_007/nn_266918/GRDC), for all stations with mean annual discharge in excess of 100 m 3 s −1 , and a record length of 25 years or longer (609 stations). The GRDC operates under the auspices of the World Meteorological Organization, and contributes to several major international research programs. Due to the availability of daily discharge data with sufficiently long records in the public domain, coverage is skewed towards certain regions (e.g., North America, Europe, eastern Australia). To increase coverage in other regions, we used time-series of maximum daily discharge per year from UNESCO [1976] and IAHS [Herschy, 2003; Rodier and Roche, 1984] , providing thirteen stations. The number of gauging stations used for each year is shown in Figure S1 of the auxiliary material.
1 The geographical distribution is shown in Figure 1 ; the coverage is fairly good, although there are notable exceptions (Indian subcontinent, north Africa, southern South America, Indonesian archipelago, China). Monthly data for these regions are more readily available; however, in this paper daily data are required. For global climate, we used gridded datasets of monthly precipitation and temperature from the CRU TS 2.0 dataset [Mitchell and Jones, 2005] (0.5°× 0.5°) for the hydrological years 1902-2000.
[6] We used the Southern Oscillation Index (SOI) as an indicator of the mode of the ENSO cycle. Monthly SOI values (1866 were taken from the Climatic Research Unit (CRU) (http://www.cru.uea.ac.uk/cru/data/soi.htm). During EN (LN) events the SOI is negative (positive). To assess the robustness of the results when using other indices of ENSO, we also carried out the analyses with the (inverse) NINO3.4 (http://climexp.knmi.nl) and the (inverse) Global SST ENSO (http://www.jisao.washington.edu/data_sets/globalsstenso/) indices.
Methods
[7] For each station and hydrological year (OctoberSeptember), we calculated mean annual discharge, and 1-day Figure 1 . (a) Sensitivity (b 1 ) of mean annual discharge, (b) annual 1-day maximum discharge, and (c) annual 7-day maximum discharge (for hydrological years) to DJF SOI. Small black dots indicate stations with no statistically significant correlation; colored circles indicate stations with statistically significant correlations (a = 0.05). Blue circles indicate negative correlation (wetter EN/drier LN), and red circles indicate positive correlation (drier EN/wetter LN); the size of the circle represents the sensitivity (see legend). A blue (red) shaded background indicates areas where annual (hydrological year) precipitation shows a significant negative (positive) correlation with DJF SOI. These correlations of precipitation with SOI, as well as temperature with SOI, are shown in more detail in Figure S3 . and 7-day maximum discharge, and assessed the correlation (r) between these parameters and SOI for the period December-February (DJF). We used the DJF SOI because: (a) during this period EN generally reaches its full development; and (b) it was used by and Dettinger and Diaz [2000] , thus allowing for comparison. We assessed the sensitivity (b 1 ) of changes in these discharge parameters to changes in DJF SOI, using [Bouwer et al., 2008] :
where q i is observed mean annual discharge, or annual 1-day or 7-day maximum discharge in hydrological year i; a i is DJF value of SOI in hydrological year i; b 0 and b 1 are coefficients; and " i is the error. b 1 represents the sensitivity of discharge to SOI, whereby b 1 * 100 represents the percentage change in discharge (q i ) per unit change SOI. We also carried out the analyses for calendar years (i.e. JanuaryDecember), since Kiladis and Diaz [1989] show that ENSO correlates most strongly with precipitation in the boreal autumn (September-November) in several (sub-) tropical regions. Correlation (r) was also assessed between the discharge data and the (inverse) NINO 3.4 and global SST ENSO indices, and between the SOI index and the gridded values of precipitation and temperature.
[8] Discharge can be affected by changes in several factors, such as land-use and water management infrastructure [Ward et al., 2008] ; we are interested in detecting impacts of interannual climate oscillations. Even in areas where structural water management measures have been taken, signals of regional atmospheric variability are found, for instance in flood frequency records [Florsheim and Dettinger, 2007] . However, to assess the possible impacts of water infrastructure on discharge-SOI correlations, we also carried out the analyses for the two separate periods 1921-1950 and 1951-1980 . The mean and variance of DJF SOI are not statistically different in these two periods (t-test, p = 0.768; F-test, p = 0.900), but they represent periods with different levels of water infrastructure. Chao et al. [2008] show that global reservoir water impoundment increased slowly in the first half of the 20th century (ca. 800 km 3 by 1950), and rapidly thereafter (ca. 6,500 km 3 by 1980).
Results and Discussion
[9] The sensitivity of mean annual discharge, and annual 1-day and 7-day maximum discharge, to changes in DJF SOI are shown in Figure 1 . For all of the tropical stations (i.e., between 23.4°N and 23.4°S) with significant correlation, the sign of that correlation is positive for all three discharge parameters ( Table 1) . As explained in the introduction, the relatively dry conditions in tropical areas during EN events are associated with a disturbance of the Walker circulation over the equatorial Pacific Ocean.
[10] The average sensitivity at the gauging stations studied (with significant correlation) to SOI variations is significantly greater for annual 1-day and 7-day maximum discharge than for mean annual discharge (Table 2) , although for tropical rivers only, there is no statistical difference. These values should not be interpreted as a 'global' sensitivity of continental discharges to ENSO, since there are several important regions for which no data are available, but they do show that the impact of ENSO on discharge is stronger on high-flows than average flows in many parts of the world.
Regional Sensitivities of Mean Discharge
[11] The regional distribution of significant correlations for mean annual discharge (Figure 1a ) generally follows that of Dettinger and Diaz [2000] . The results are robust to the choice of ENSO index; although there are stations with different results according to the index used, the overall pattern is similar (results for annual 1-day maximum discharge are shown in Figure S2 ). The map of correlations between mean discharge and SOI closely resembles that of annual precipitation and SOI ( Figures S3 and S1 (background) ), on which the well known effects of ENSO on precipitation [e.g., Kiladis and Diaz, 1989] are reflected. However, this is not the Mean annual discharge 0.11 (n = 82) 0.19 (n = 13) 0.10 (n = 69) Annual 1-day maximum discharge 0.14 (n = 69) 0.17 (n = 15) 0.14 (n = 54) Annual 7-day maximum discharge 0.14 (n = 68) 0.17 (n = 15) 0.14 (n = 53) a Results are shown only for stations for which the correlation is statistically significant (a = 0.05); the number of observations (n) is shown in brackets. The difference in the average sensitivity between mean annual discharge and annual maximum discharge is significant for all locations and extratropical rivers (t-test, p = 0.036 and 0.003 respectively), but not significant for tropical rivers (t-test, p = 0.584). The difference in the average sensitivity between mean annual discharge and annual maximum 7-day discharge is significant for all locations and extratropical rivers (t-test, p = 0.033 and 0.003 respectively), but not significant for tropical rivers (t-test, p = 0.645).
case for northwest USA/southwest Canada. Here, discharge and SOI show significant correlations, whilst precipitation only shows a significant correlation with SOI along a small stretch of coast around the border. However, the precipitation data do show a significant negative correlation with SOI during the winter half year, which may be partly responsible for the lower (higher) discharge during EN (LN) events. Moreover, temperature shows a significant positive correlation with SOI, so that increased (decreased) temperatures during EN (LN) may also contribute through their effects on evapotranspiration.
[12] Compared to the map of Dettinger and Diaz [2000] , several new findings are made. Our results show three stations with significant positive correlation in West Africa (Bandama, Comoé, Ouémé). These are not assessed by Dettinger and Diaz [2000] , and the other stations in West Africa are in agreement with the former study (no significant correlations for mean discharge). West Africa is discussed further in Section 3.2. Our results show negative correlations in the southeastern corner of the USA (southern Georgia, Florida, and Gulf Coast of Texas, Mississippi, and Alabama). These stations are located more southerly than those in the eastern USA analyzed by Dettinger and Diaz [2000] , and show a difference in the response of rivers in the far southeastern corner of the USA to rivers further north along the eastern seaboard. Our findings are in agreement with results from Florida [e.g., Schmidt et al., 2001] , and can be explained by ENSO teleconnections which cause: (a) an equatorial (poleward) displacement of the mid-latitude jet during EN (LN) events, which increases (decreases) frontal precipitation; and (b) advection of moisture from the tropical Pacific by the subtropical jet stream into southeastern USA during EN winters [Ropelewski and Halpert, 1986] . Figure S3 shows this strong negative SOI-precipitation correlation. Of the stations used in our study in southwestern USA, none show a significant mean discharge-SOI correlation, despite a strong precipitation-SOI correlation (also for the period . The stations used in this study are located on the region's major rivers (Colorado, Sacramento, San Joaquin), which have a long history of human interference. For example, the combined reservoir storage capacity of large dams in these basins was ca. 50 km 3 by 1950 [ICOLD, 2003] . These interferences may dampen any signal of discharge correlations with ENSO. The analyses were also carried out for stations in the GRDC database with monthly discharge data only, and several negative correlations were found, as per Dettinger et al. [2001] .
[13] The sensitivity of mean discharge to SOI is greatest in eastern Australia. The lack of available daily discharge data for the southern part of South America and the Indonesian archipelago render an assessment in those regions impossible. However, southern South American basins are relatively well covered by existing basin scale assessments, and by Dettinger and Diaz [2000] , which show negative correlations.
[14] Using calendar year discharge, there are generally few changes in the pattern. The main difference is in West Africa, where sensitivities of the Ouémé and Comoé are greater, due to a strong positive correlation between DJF SOI and October precipitation in the region. On the Indian subcontinent, which encounters a monsoonal rainfall regime, none of the (few) rivers studied show a significant correlation with SOI (for hydrological or calendar years); this is also reflected in our map of precipitation-SOI correlations. These results are in contrast to those of Whetton et al. [1990] , who found a significant positive correlation (r = 0.47) between Krishna calendar year discharge and the SO index between 1901-1960.
Regional Sensitivities of High-Flows
[15] The sensitivities of annual 1-day and 7-day maximum discharge to DJF SOI (Figures 1b and 1c) show little difference to each other, and show many similar geographical patterns to those of mean annual discharge. Eastern Australia remains the most sensitive region. However, there are regions, especially in the extra-tropics (Table 2) , where the sensitivity of high-flows to ENSO is greater than that of mean annual discharge; these are discussed in this section.
[16] In northwest USA/southwest Canada, all three discharge parameters show significant positive correlations with SOI. The number of significant correlations, and the sensitivity, is greater for high-flows. This can be explained by decreased (increased) early spring precipitation during EN (LN) events (seen in the correlation results of precipitation-SOI for February and March), due to changes in the storm track over the Pacific [Shabbar, 2006] . The resulting increase in storm activity during the spring snowmelt season (when discharges are high) may lead to increased peak discharges, especially since our analyses show warmer (colder) conditions in the region at that time. The southward migration of storm tracks also explains the negative correlations of annual 1-day and 7-day maximum discharge and SOI on the downstream stations of the Colorado river (increased winter storminess). Cayan and Webb [1992] and Cayan et al. [1999] show that flooding is more common in southwest USA in EN years than in neutral/LN years; the number of correlations found by Cayan et al. [1999] is much larger, since they used gauging stations selected for minimal effects of upstream artificial influence.
[17] Several studies show positive discharge-ENSO correlations in northern South America, and negative correlations in southern South America [e.g., Dettinger and Diaz, 2000; Kiladis and Diaz, 1989] . Here, we find annual high-flows in northern South America to have a similar sensitivity to ENSO compared to mean discharge. The lack of daily discharge data availability for southern South America makes an assessment of this sensitivity impossible in this study.
[18] High-flows at several stations in West Africa show significant positive correlations with DJF SOI (Figures 1b  and 1c) . The relationships in this region are somewhat complicated, since they are not consistent when using other ENSO-indices ( Figure S2 ). Significant correlations with highflows are seen in the region for all three ENSO indices, but the stations with significant correlations differ between indices. The most persistent signals are for the stations along the coast, since this region also shows a strong positive correlation between DJF SOI and hydrological year precipitation (see Figure S3) , and an even stronger relationship for calendar years. Several studies have evaluated ENSO-influence on rainfall in West Africa; some suggest minimal influence, others suggest lower (higher) rainfall in EN (LN) years [Moron and Ward, 1998 ]. Joly and Voldoire [2009] showed that a significant part of the interannual variability of the West Africa Monsoon can be explained by ENSO, possibly related to: (a) the displacement of the Walker circulation to the east, and thus atmospheric subsidence over West Africa; and (b) a weakening of the Tropical Easterly Jet. All of these results show that more research is needed in this region, particularly given the ambiguities found, and the dependence of a large proportion of the region's population on (rainfed) agriculture. Pre-and Post-1950 ENSO Relationships [19] The correlations for the periods 1921-1950 and 1951-1980 generally show the same geographical patterns, except in northern Europe ( Figure S4 ). Several stations in Germany and the Benelux countries show significant negative correlation between mean discharge and SOI in 1921-1950, yet no correlation in 1951-1980 , whilst several Scandinavian stations show significant positive correlation in the former period and no significant correlation in the latter. Our climate analyses show that in 1921-1950 a strong positive correlation existed between SOI and precipitation (EN drier/LN wetter) in a large part of Scandinavia, but not in . There is no significant precipitation-SOI correlation for either period in Germany, the Benelux countries, or upstream locations. However, there is a strong positive correlation between temperature and SOI (in the region in 1921-1950, but not in 1951-1980 . This means that in the period 1921-1950, EN (LN) years were cooler (warmer), which would lead to decreased (increased) evapotranspiration and increased (decreased) discharge. Therefore, the changes in discharge-SOI correlation between 1921-1950 and 1951-1980 in Europe appear to be attributable to changes in the relationship between ENSO and climate, rather than changes in water management measures such as dams.
Assessment of
Implications and Conclusions
[20] Past studies have demonstrated that ENSO correlates well with the mean river discharge around the globe. Establishing such correlations is important, but the quantification of the impact on mean and peak discharge helps to quantify the potential impacts of climatic variations on hydrology, and may provide a basis for risk assessments. In this paper we have carried out a quantified assessment of such impacts and have shown that on average, for the rivers studied, ENSO has a greater impact on annual high-flows than on mean annual discharge. There are several important regions not covered, since the dataset used here, whilst global, does not have a uniform coverage of the entire globe. Our findings do, however, highlight the need for further research in those areas for which data are not readily available in global datasets, but may be available through national or local (hydrological) institutions. The results also highlight the need for further research into the impacts of ENSO on river discharge in West Africa.
[21] These findings are important for water management, both in terms of the negative (e.g. economic damage and loss of life) and positive (e.g. dispersal of nutrients on floodplains, replenishment of reservoirs) effects of changes in runoff and flooding, and suggest that more research at the basin scale is needed to assess the ENSO-impacts on extreme discharge events, rather than just mean discharge. There are many other large-scale atmospheric processes that can have both local and remote effects on discharge [Bouwer et al., 2008; Pizarro and Lall, 2002] . More research into the individual and combined effects of these processes worldwide may assist in longterm forecasting for agriculture and flood risk management.
